Introduction
Many locomotor tasks involve interactions with moving objects. People weave through crowds in shopping malls, athletes dodge their opponents on the playing field, and animals chase prey in the wild. Such tasks comprise a family of actions that require humans and other animals to coordinate their movements with the movements of other objects. Attempts to understand how locomotion is guided in the presence of moving objects often begin with an analysis of information in optic flow. Figure 1A depicts the optic flow field for a moving observer with an object moving from right to left across the observer's future path. The local optical motion of the moving object (depicted by the yellow vector) reflects the motion of the object relative to the moving observer-that is, object motion in an observercentered reference frame. As such, the same local optical motion results from different combinations of observer and object motion with the same relative motion.
The optic flow field depicted in Figure 1A can be parsed into two components: a self-motion component ( Figure 1B) , which reflects the motion of the observer independent of the motion of other objects, and an object-motion component ( Figure 1C ), which reflects the motion of objects independent of the motion of the observer. That is, the optic flow field is the vector sum of the self-motion component and the object-motion component. Whereas the local optical motion of the moving object in Figure 1A reflects object motion in a reference frame that moves with the observer (i.e., observer coordinates), the motion of the moving object in Figure 1C reflects object motion in a stationary reference frame (i.e., world coordinates).
A question of major theoretical significance for models of visually guided interception and obstacle avoidance is whether observers rely upon object motion perceived in an observer-centered reference frame or a world-centered reference frame. The former allows for the possibility that the local optical motion of the moving object in the optic flow field is sufficient to guide locomotion. For example, the leftward drift of the moving object in Figure 1A specifies that the object will pass in front of the observer if current speed and direction are maintained. If the object is a target to be intercepted, the observer should increase speed and/or turn to the left. Conversely, if the object is an obstacle to be avoided and is not laterally drifting in the optic flow field, it is on a collision course and evasive action is called for. This strategy and minor variations of it for using optical motion have been proposed as accounts of collision detection, obstacle avoidance, and interception in both humans (Chardenon, Montagne, Laurent, & Bootsma, 2005; Cutting, Vishton, & Braren, 1995; Fajen & Warren, 2004 Lenoir, Musch, Thiery, & Savelsbergh, 2002; Ni & Andersen, 2008; Rushton & Allison, 2013; Rushton, Harris, Lloyd, & Wann, 1998) and nonhuman animals (Collett & Land, 1978; Lanchester & Mark, 1975; Olberg, Worthington, & Venator, 2000) . Because the object's lateral motion in the optic flow field reflects the relative motion between the object and the observer, such models imply that interception and obstacle avoidance are guided by object motion perceived in observer coordinates.
Alternatively, guiding locomotion in the presence of moving objects may require recovering the objectmotion component of optic flow-that is, the compo-nent that reflects the motion of objects in world coordinates independent of the motion of the observer (Fajen & Matthis, 2011) . Because the optic flow field is influenced by both the motion of the observer and the motion of other objects, recovering the object-motion component requires factoring out the influence of selfmotion (Wallach, 1987) . This process is known as flow parsing (Rushton & Warren, 2005; Warren & Rushton, 2009a) .
Studies of flow parsing demonstrate that humans are capable of recovering the object-motion component and perceiving object motion in world coordinates (Matsumiya & Ando, 2009 ). However, it remains unclear whether this process actually plays any role in visually guided interception and obstacle avoidance. Models based on the lateral motion of the object in the optic flow field suggests that flow parsing is superfluous because the lateral optical motion is sufficient to guide locomotion. Yet there are several important aspects of interception and avoidance of moving objects that these models cannot capture (Fajen, 2013; Fajen & Matthis, 2013) : (a) they treat objects and the observer as points without physical extent (but see Rushton, Wen, & Allison, 2002 for an attempt to address this problem), (b) they ignore the fact that there are limits to how fast one can move, and (c) they offer no account of how speed and direction of locomotion are coordinated during interception and obstacle avoidance. An alternative model presented by Fajen and Matthis (Fajen, 2013; Fajen & Matthis, 2013 ) provides a basis for addressing these limitations, but it is based on object motion in world coordinates and therefore requires the visual system to recover the object-motion component of optic flow.
The primary aim of the present study was to test two competing hypotheses about the perception of object motion during obstacle avoidance: humans rely on information in optic flow, which reflects object motion in observer coordinates (Hypothesis 1), versus humans must recover object motion in world coordinates (Hypothesis 2). We considered two versions of Hy-pothesis 2, one that relies entirely on visual self-motion information to recover object motion in world coordinates (Hypothesis 2A) and one that relies on both visual and nonvisual self-motion information (Hypothesis 2B).
Choosing routes around moving obstacles
Subjects performed a route decision task in an ambulatory virtual environment that was viewed through a head-mounted display (Figure 2A ). They walked straight ahead from a home position while a virtual obstacle moved from right to left for 1.4 s, at which time it disappeared ( Figure 2B ). Subjects quickly judged whether they could have avoided the obstacle by passing in front of it before it reached their locomotor path. They were instructed to base their judgments on whether they could have passed in front if they had been allowed to walk as quickly as possible but not run. 1 The obstacle moved along one of 15 unique trajectories, which were defined by two factors: the location along an imaginary line extending forward from the subjects' initial position toward which the obstacle moved (indicated by an ''·'' in Figure 2B ), and the amount of time it would have taken for the obstacle to reach that point had it not disappeared (i.e., time-tocrossing [TTC]). The top-left quadrant of Figure 3A shows the specific values of location and TTC. The trajectories were chosen to yield a range of responses varying from easily passable even at slow walking speeds (i.e., when the obstacle moved toward a nearby location and TTC was long) to definitely not passable even at a fast walking speed (i.e., when the obstacle moved toward a distant location and TTC was short). Each trajectory was repeated eight times for a total of 120 trials.
In addition, there were also 24 randomly interspersed catch trials in which subjects' position in the virtual environment was laterally shifted to the left on each frame by 20% of their forward displacement, which corresponds to a ;118 shift in the locomotor path (see Figure 2C ). The lateral shift manipulation was similar to that used by Warren, Kay, Zosh, Duchon, and Sahuc (2001) . The initial conditions in catch trials matched a subset of the initial conditions in normal trials (see bottom left quadrant of Figure 3 ). The 120 normal trials without a lateral shift and 24 randomly interspersed catch trials with a lateral shift comprised Session A (left column of Figure 3 ).
Subjects also completed a second session (Session B) within 4 days of Session A. The order of sessions was counterbalanced across subjects. Session B was identical to Session A with two exceptions. First, there were 120 trials with a 20% lateral shift and 24 randomly interspersed catch trials with a 0% lateral shift (i.e., the reverse of Session A). Second, the set of initial conditions used in catch trials in the two sessions differed (compare initial conditions for trials indicated by checkered blocks in Figure 3 ). As we will explain in the Results section below, this design allowed us to determine whether route judgments were based on object motion in observer coordinates or world coordinates.
Methods

Subjects
Eleven subjects (six men, five women, mean age: 19.0 years) participated in the experiment. Subjects were compensated for participation with extra credit.
Equipment
The experiment was conducted in a 6.5 m · 9 m ambulatory virtual environment laboratory. Subjects wore an nVis nVisor SX111 stereoscopic HMD with a resolution of 1280 pixels · 1024 pixels (nVis, Inc., Reston, VA) per eye and a diagonal field of view of 1118. Head position and orientation were tracked using an Intersense IS-900 motion tracking system (Intersense, Billerica, MA). Data from the tracking system were used to update the position and orientation of the simulated viewpoint. The virtual environment was created using Vizard Virtual Reality Toolkit (WorldViz LLC, Santa Barbara, CA) running on an Alienware Area-51 PC (Dell, Inc., Round Rock, TX).
Virtual environment and procedure
The virtual environment consisted of a green, grasstextured ground surface, a black sky, and an array of randomly distributed bamboo-textured posts ( Figure  2A ). Subjects began each trial by walking to a designated home location, which was a rectangular box in the virtual environment that changed color from translucent red to translucent yellow when the subject's head was inside the box. Subjects also turned to face an alignment marker, which appeared as a thin vertical line in the distance. Once they were properly positioned and aligned, they pressed a button on a handheld remote mouse, which triggered the appearance of a stationary, yellow obstacle (a cylinder 2.0 m tall · 0.1 m in diameter). The initial position of the obstacle varied randomly between 5.5 and 6.0 m in depth and between 1.5 and 2.0 m to the right of the midline. After a 0.5 s delay, the home box and alignment marker disappeared, the obstacle began moving leftward, and an auditory ''go signal'' was presented to cue subjects to begin walking. Subjects were instructed to walk straight ahead in the direction that they were facing.
The trajectory of the obstacle was determined by the location along the imaginary line extending forward from the subjects' initial position toward which the obstacle moved and the amount of time it would have taken to arrive at that point (TTC). The 15 conditions (3 locations · 5 TTCs) used in Session A-No Shift trials and the six conditions (3 locations · 2 TTCs) used in Session A-Shift trials in both sessions are shown in Figure 3 . The obstacle disappeared 1.4 s after it began moving, which was between 0.9 and 1.7 s before it reached the midline depending on the value of TTC in that trial. Subjects pressed one of two buttons on the handheld mouse to indicate whether they would have avoided the obstacle by passing in front of it before it reached their locomotor path or passing behind it after it crossed their locomotor path. Judgments had to be entered within a response window that began 1.0 s after the trial began and lasted 1.6 s, or else the trial was aborted and repeated later in the session.
Odd-numbered and even-numbered trials were performed while walking in opposite directions in the lab. Therefore, after subjects entered the response, the start box for the next trial appeared in front of them. Subjects walked into the box and turned 1808 to face the alignment marker in preparation for the next trial. The distance between the start boxes for odd-numbered and even-numbered trials (and hence the approximate distance that subjects walked between trials) was 3 m. The virtual environment remained visible as subjects walked to the start box, with the same value of lateral shift (0% or 20%) that was applied before the response was entered.
Before starting the experiment, subjects completed a short warm-up session designed to familiarize themselves with moving through the virtual environment and performing the judgment task. In Session B, the warm-up session was completed with the lateral shift to ensure that subjects were properly adapted to the conditions encountered in normal trials in that session. The Institutional Review Board at Rensselaer Polytechnic Institute approved the experimental protocol.
Data analyses
The dependent measure was the percentage of trials in which subjects judged that they would pass in front of the object, averaged across various subsets of conditions, as explained in following text. We refer to this as ''% passable.''
The logic of the analyses assumed that there were no systematic differences in walking behavior in the real world across sets of trials from different conditions. To confirm this assumption, we measured subjects' head position in real world coordinates 1 s after the trial began. For the purposes of this analysis, we did not consider head position after 1 s because this was the moment at which subjects could begin to enter their responses. Because we were concerned with walking trajectories up until responses were entered, 1 s was the last possible moment at which we could be certain that subjects had not yet entered a response. For each analysis considered (see also, Figure 4 ), we calculated the difference in mean head position at 1 s between the The fact that walking trajectories were so similar in all four conditions may seem inconsistent with previous studies on locomotor adaptation. For example, subjects in Bruggeman, Zosh, & Warren (2007) walked to a visible goal while the focus of expansion was offset from the actual direction of locomotion, similar to the lateral shift manipulation used in the present study. Within a few trials, they adapted to the offset such that they followed a different walking trajectory to the goal. Given that the lateral shift was present in ;83% of trials in Session B, one might expect walking trajectories in that session to differ from those in Session A. As we already explained, this was not the case. The reason for this was that in the present study, subjects did not walk to a visible target but rather walked straight ahead in the direction that they were already facing, which was the same in all four conditions as determined by the alignment marker and start box. Therefore, the similarity of walking trajectories across conditions was not inconsistent with previous studies or with adaptation to the lateral shift.
Results
Hypothesis 1: Object motion is perceived in observer coordinates
According to Hypothesis 1, observers base their judgments on object motion perceived at observer coordinates using information that is directly available in the optic flow field. Therefore, Hypothesis 1 predicts that judgments should be similar in conditions in which the visual information that is available to subjects as they move is the same. We tested this prediction by comparing No Shift trials in Session A with No Shift trials in Session B. For this analysis, we focused on the subset of Session A-No Shift trials with initial conditions that matched those in Session B-No Shift trials (see dark red blocks in upper left quadrant of Figure 4A ). Therefore, differences in judgments could not be attributed to differences in initial conditions. We also confirmed that there were no systematic differences in walking behavior across conditions (see data analyses section of Methods). As such, we can assume that for a pair of trials from different sets (i.e., one Session A-No Shift trial and one Session B-No Shift trial) with identical initial conditions (i.e., the same location and initial TTC), the visual information that was available to subjects as they moved was effectively the same.
If judgments were based on information in optic flow that reflects object motion in observer coordinates, judgments in Session A-No Shift trials should be similar to judgments in Session B-No Shift trials. The findings were inconsistent with this prediction (see solid and checkered red bars in Figure 4B ). Subjects were significantly more likely to perceive that they could pass in front in Session A-No Shift trials compared with Session B-No Shift trials, t(10) ¼ 4.04, p , 0.01.
Hypothesis 1 makes a similar prediction about Session A-Shift trials and the subset of Session B-Shift trials with the same initial conditions (solid and checkered blue blocks in Figure 4A ). The same lateral shift manipulation that was applied in Session A-Shift trials was also applied in Session B-Shift trials, and walking behavior was nearly identical in these two conditions. Therefore, the visual information that was available to subjects in these two conditions was effectively the same. Contrary to the predictions of Hypothesis 1, subjects were significantly more likely to perceive that they could pass in front in Session A-Shift trials compared with Session B-Shift trials, t(10) ¼ 3.74, p , 0.01 (see solid and checkered blue bars in Figure  4B ). Taken together, the first set of analyses demonstrates that judgments differed under conditions in which object motion in observer coordinates was the same, which is inconsistent with the predictions of Hypothesis 1.
Next, we tested Hypothesis 2, which predicts that observers base their judgments on perceived object motion in world coordinates, which involves flow parsing. We considered two versions of this hypothesis that differ in terms of the contributions of visual and nonvisual self-motion information to flow parsing.
Hypothesis 2A: Object motion is perceived in world coordinates and is recovered using visual self-motion information
The first version of Hypothesis 2, which we labeled Hypothesis 2A, states that the self-motion component of optic flow (i.e., the component that must be factored out) is based entirely on visual self-motion information with no contribution of nonvisual information. Several previous studies have investigated the influence of visual self-motion information by presenting stationary observers with stimuli simulating combined self-motion and object motion (Matsumiya & Ando, 2009; Royden & Connors, 2010; Royden & Moore, 2012; Royden, Wolfe, & Klempen, 2001; Rushton, Bradshaw, & Warren, 2007; Rushton & Warren, 2005; , 2009b . Perceived object motion was influenced by global optic flow simulating selfmotion, indicating that visual information can be used to factor out the self-motion component of optic flow.
Here we asked whether humans rely entirely on visual self-motion information even when self-motion is real and actively generated, as it was in the present study; that is, when nonvisual self-motion information is also available.
Like Hypothesis 1, Hypothesis 2A predicts that judgments should be similar in normal trials in one session and catch trials in the opposite session (i.e., the two comparisons in Figure 4A ), because both the local optical motion of the object and the global optic flow specifying self-motion were the same in these two conditions. As already noted, subjects were significantly more likely to perceive gaps as passable in Session A-No Shift trials compared with Session B-No Shift trials, and in Session A-Shift trials compared with Session B-Shift trials ( Figure 4B ). Thus, the analyses of normal trials in one session and catch trials in the opposite session do not support the predictions of Hypothesis 2A either.
Hypothesis 2B: Object motion is perceived in world coordinates and is recovered using visual and nonvisual self-motion information These analyses are, however, consistent with the second version of this hypothesis (Hypothesis 2B), which states that observers rely on perceived object motion in world coordinates and use both visual and nonvisual self-motion information for flow parsing. We illustrated this point for Session A-No Shift trials and Session B-No Shift trials (i.e., conditions indicated by red bars in Figure 4A ). Because there was no lateral shift in either set of trials and because walking behavior was nearly identical in both trial types, the optic flow field in pairs of trials with matching initial conditions was effectively the same. However, Session B-No Shift trials were randomly interspersed within a larger set of Session B-Shift trials with a 20% leftward shift. Consequently, as subjects walked through the virtual environment in Session B-Shift trials, nonvisual selfmotion information generated by walking in one direction was accompanied by global optic flow corresponding to walking ; 118 to the left. Because the lateral shift was applied in the majority of trials in Session B, subjects should adapt to this change in the relation between nonvisual self-motion information and global optic flow. When adaptation occurred, the perceived direction of self-motion based on nonvisual information shifted leftward toward the visually specified direction of locomotion (similar to the effect reported in Bruggeman et al., 2007) . This is illustrated in Figure 5 , which shows how the perceived direction of self-motion based on nonvisual information shifted as the observer adapted to the leftward shifted flow field.
Although the lateral shift manipulation was not applied in Session B-No Shift trials, the large majority (83%) of trials in Session B were Session B-Shift trials with the lateral shift. As such, the effects of adaptation on perceived direction of self-motion based on nonvisual information should carry over to Session B-No Shift trials as well. Even though the optically specified direction of self-motion was straight ahead in Session B-No Shift trials, perceived direction of self-motion based on nonvisual information was shifted to the left (see right side of Figure 5 ).
Thus, in Session A-No Shift trials, both visual and nonvisual information about the direction of selfmotion were consistent with the actual direction of self- motion. In contrast, in Session B-No Shift trials, visual information was consistent with the actual direction of self-motion but the perceived direction based on nonvisual information was perturbed to the left. If nonvisual information contributes to flow parsing, then the component of optic flow that is attributed to selfmotion and factored out should differ in Session A-No Shift trials compared with Session B-No Shift trials.
The logic of this prediction is illustrated in Figure 6A through D, which depicts the flow parsing process for Session A-No Shift trials and Session B-No Shift trials, assuming that subjects relied at least partly on nonvisual self-motion information. Figure 6A and C depict the optic flow fields on Session A-No Shift and Session B-No Shift trials, respectively. The flow fields are effectively the same because there was no lateral shift and because walking behavior was so similar. Note that the perceived direction of self-motion based on visual and nonvisual information (indicated by the white bars labeled V and NV, respectively) are aligned in Figure 6A but not in Figure 6C due to adaptation to the lateral shift in Session B-Shift trials.
In Figure 6B and D, which depicts the flow parsing process, the local optical motion of the object (solid yellow lines) is also the same. However, if subjects adapted to the lateral shift in Session B and if they relied partly on nonvisual self-motion information for flow parsing, then the component attributed to selfmotion (dashed lines) would have more lateral motion. The remaining component, which was attributed to object motion (dotted line), points farther to the left. Therefore, if nonvisual information contributed to flow parsing, then subjects should perceive that the object was moving leftward at a faster rate in Session B-No Shift trials and should be less likely to perceive that the object was passable, when compared with Session A- No Shift trials. As already explained and as illustrated by the red bars in Figure 4B , the results were consistent with this prediction, providing support for Hypothesis 2B.
As the previous analysis shows, Hypothesis 2B explains why judgments can be different even under conditions in which the available visual information is the same. The next analysis tested a strong prediction of Hypothesis 2B-that under certain circumstances, judgments can be similar in trials with and without the lateral shift despite the available visual information being quite different. Understanding this prediction requires a brief discussion of the lateral shift manipulation and how it affected object motion in observer coordinates and world coordinates. Recall that when the lateral shift manipulation was applied, subjects' movements through the virtual environment were shifted to the left. Therefore, the motion of the object in observer coordinates differed in these two conditions. This difference is illustrated in Figure 6A and E, which depicts the unparsed optic flow fields with 0% and 20% lateral shift, respectively. Nonetheless, because the lateral shift manipulation affected the movement of the observer and not the movement of the object, object motion in world coordinates was the same. (Note that object motion is the same in Figure 2B and C, which depicts observer and object motion in world coordinates without and with the lateral shift manipulation, respectively.) Therefore, if route decisions are based on object motion perceived in world coordinates, then it should be possible for judgments in trials with and without the lateral shift to be similar as long as the available self-motion information is sufficient for accurate flow parsing. This is illustrated in Figure 6B and F, which shows the flow parsing process with 0% and 20% lateral shift, respectively. The local optical motion of the object differed in these two conditions (compare solid yellow lines). However, if subjects accurately perceived their self-motion in the virtual environment, then the component of optic flow that was attributed to self-motion should also differ (compare dashed lines). In particular, the estimated self-motion component should have more lateral motion when the lateral shift was applied. Therefore, although the local optical motion in Figure 6B (with no lateral shift) differs from that in Figure 6F (with the lateral shift), the difference should be canceled out by the difference in the estimated self-motion component. The resultant vector, which reflects the object-motion component, should be the same (compare dotted lines in Figure 6B and F).
Next, let us consider the conditions in which this prediction (i.e., similar judgments with and without the lateral shift) should hold. According to Hypothesis 2B, observers rely on both visual and nonvisual self-motion information. Therefore, subjects should accurately recover the object-motion component only when perceived self-motion based on visual and nonvisual information are consistent with each other. Such was the case in Session A-No Shift trials because both visual and nonvisual information was aligned with the actual direction of self-motion (see white bars in Figure  6B ). Likewise, perceptions of self-motion based on visual and nonvisual information were consistent in Session B-Shift trials (i.e., both were perturbed to the left, assuming that subjects adapted to the lateral shift; see white bars in Figure 6F ). In contrast, in Session B-No Shift trials, visual self-motion information was aligned with the actual direction of self-motion, whereas perceived self-motion based on nonvisual information was perturbed to the left (see white bars in Figure 6D ). Therefore, visual and nonvisual estimates of self-motion were consistent in Session A-No Shift trials, consistent in Session B-Shift trials, but in conflict in Session B-No Shift trials. If Hypothesis 2B is correct, then judgments on Session A-No Shift and Session B-Shift trials should be similar to each other but should differ from judgments in Session B-No Shift trials. To test this prediction, we used the subset of initial conditions that were common to all three sets of trials (see Figure 4C , D). As predicted, judgments on Session A-No Shift trials were significantly different from judgments on Session B-No Shift trials, t(10) ¼ 4.04, p , 0.01] but not significantly different from judgments in Session B-Shift trials, t(10) ¼ 1.96, ns. 2
Discussion
The comparisons in Figure 4C , D provide the crucial test for whether object motion is perceived in observer coordinates or world coordinates. The triad of conditions (Session A-No Shift, Session B-Shift, and Session B-No Shift) includes one pairing in which object motion was the same in observer coordinates (e.g., Session A-No Shift and Session B-No Shift) and another pairing in which object motion was the same in world coordinates but different in observer coordinates (e.g., Session A-No Shift and Session B-Shift) . The fact that the pairing with the similar judgments is Session A-No Shift trials and Session B-Shift trials provides compelling evidence that when people choose routes around moving obstacles, they rely on information that reflects object motion in world coordinates rather than in observer coordinates.
The results also provide strong evidence that the process of recovering object motion in world coordinates relies on both visual and nonvisual self-motion information. In previous studies of flow parsing (Matsumiya & Ando, 2009; Royden & Connors, 2010; Royden & Moore, 2012; Royden et al., 2001; Rushton et al., 2007; Rushton & Warren, 2005; , 2009a , 2009b , reliable nonvisual self-motion information was not available because selfmotion was simulated and viewed on a computer monitor or projection screen by a stationary observer. When self-motion is real and actively generated, as it was in the present study, nonvisual information, which is known to contribute to the perception of self-motion (Campos, Byrne, & Sun, 2010; Harris, Jenkin, & Zikovitz, 2000; Mittelstaedt & Mittelstaedt, 2001) , is also available. Our findings show that nonvisual information also plays a role in flow parsing. This highlights the multisensory nature of the flow parsing problem (Calabro, Soto-Faraco, & Vaina, 2011; Dyde & Harris, 2008; MacNeilage, Zhang, DeAngelis, & Angelaki, 2012) and adds to the growing body of literature demonstrating that what people perceive can be affected by their own self-generated movement (Wexler & van Boxtel, 2005) .
On the possibility that adaptation affected perceived egocentric direction
Our interpretation of the effects is based on the assumption that the lateral shift manipulation in Session B shifted the perceived direction of self-motion based on nonvisual information and affected the component of optic flow that was attributed to selfmotion. However, one might wonder whether adaptation to the lateral shift manipulation affected the perceived egocentric direction of the obstacle and if this could also explain the results. There are two reasons why we think the findings cannot be attributed to a change in the perceived egocentric direction of the object. First, although perceived straight ahead can be realigned using prisms (e.g., Herlihey & Rushton, 2012; Redding & Wallace, 1997) , laterally displacing optic flow in a virtual environment (as in the present study) does not affect perceived straight ahead (Bruggeman & Warren, 2010; Bruggeman et al., 2007) . Second, even if the lateral shift manipulation had affected perceived straight ahead, it would have shifted it in the same direction as the shift in optic flow (i.e., to the left). The obstacle, which always appeared on the right, would have been perceived as lying farther to the right than it actually was. This would have biased subjects toward perceiving that they could pass in front of the obstacle. However, the actual effect is in the opposite direction. As shown in Figure 4B , subjects were less likely to perceive that they could pass in front when they were adapted to the lateral shift (i.e., on Session B-No Shift trials) compared to when they were not (i.e., on Session A-No Shift trials). Therefore, the findings cannot be attributed to an effect of the lateral shift manipulation on the perceived egocentric direction of the obstacle.
Guiding locomotion in the presence of moving objects
The findings of this study help to bridge a gap in the literature between studies of the perception of object motion during self-motion on the one hand and studies of visually guided locomotion on the other hand. The former (Matsumiya & Ando, 2009; Royden & Connors, 2010; Royden & Moore, 2012; Rushton & Warren, 2005; , 2009a , 2009b establish that moving observers can perceive object motion in world coordinates and provide details about the mechanisms that underlie this process. The latter (Chardenon et al., 2005; Cutting et al., 1995; Fajen & Warren, 2004 Lenoir et al., 2002; Ni & Andersen, 2008) generally assume that collision detection, obstacle avoidance, and interception are based on object motion perceived in observer coordinates. Thus, one might conclude that the perception of object motion during self-motion and the visual guidance of locomotion in the presence of moving objects rely on different reference frames. Our findings suggest that this is not the case-both rely on object motion perceived in a world-centered reference frame and both require flow parsing to recover object motion independent of self-motion.
Why do observers need to perceive object motion in world coordinates to guide locomotion in the presence of moving objects? After all, the lateral optical motion of a moving object, which reflects object motion in observer coordinates, specifies whether one will collide with a moving object if current locomotor speed and direction are maintained. The answer is that there is more to interception and obstacle avoidance than knowing whether one's current locomotor velocity will result in a collision. Observers also need to know how fast they would need to move to intercept, pass in front of, or pass behind a moving object. More specifically, observers need to know how fast to move independent of how fast they are currently moving, and they need to know how fast to move in relation to how fast they are capable of moving.
To illustrate this point, consider a pedestrian moving at a comfortable walking speed and a moving obstacle (e.g., bicycle) moving from right to left across the pedestrian's future path. Even if the pedestrian would pass behind the bicycle if her current speed is maintained, she may choose to speed up to pass in front of the obstacle (e.g., if she is in a hurry). However, if the speed needed to pass in front is faster than the speed that the pedestrian is capable of moving (or willing to move), then she should not attempt to pass in front.
The decision to pass in front or pass behind requires the ability to perceive the minimum speed needed to pass in front in relation to the maximum speed that the observer is capable of moving (or willing to move). Although information about the sufficiency of one's current speed is available in the optic flow field (i.e., combined self-motion plus object-motion components), information about how fast one needs to move is not. Instead, such information is found in the object-motion component of optic flow-that is, the component that reflects object motion in world coordinates (Fajen & Matthis, 2013) . Therefore, the ability to perceive object motion in world coordinates, which was demonstrated in this study, plays an essential role in guiding locomotion in the presence of moving objects.
Keywords: optic flow, moving objects, obstacle avoidance, flow parsing, locomotion Footnotes 1 In this particular study, the accuracy of judgments was less important than the effects of manipulations of self-motion information. Therefore, the experiment was not designed to measure the accuracy with which subjects judged whether they were capable of passing in front of the moving obstacle. However, the accuracy of judgments was measured in an earlier experiment in which subjects judged whether they could pass in front on some trials and actually attempted to pass in front on other trials (Fajen, Diaz, & Cramer, 2011) . In that experiment, there was a close match between judgments and actions with no evidence of a systematic bias to overestimate or underestimate one's ability to pass in front. 2 Although the difference between Session A-No Shift trials and Session B-Shift trials was not statistically significant, there did appear to be a trend toward a higher percentage of passable judgments in Session B-Shift trials. This can be attributed to incomplete adaptation to the lateral shift in Session B. If subjects only partially adapted to the lateral shift, perceived self-motion based on nonvisual information would be shifted to the left, but by less than the optically specified shift of ;118. The component of optic flow that is attributed to self-motion would have more lateral motion in Session B than in Session A (as depicted by the dashed line in Figure 6F and B) . However, the difference in the component attributed to self-motion would be less than if subjects had completely adapted. Therefore, the difference in the local optical motion between Session A-No Shift trials and Session B-Shift trials would not have been completely canceled out by the difference in the component attributed to self-motion, resulting in a small difference in the perceived motion of the object. Thus, the possible trend toward a higher percentage of passable judgments on Session B-Shift trials could be explained by incomplete adaptation to the lateral shift manipulation.
